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(Received 13 July 1981)
A formula for the stopping power of matter for neutrinos and antineutrinos, interacting
with electrons via the weak interaction in the context of both the V —A theory and the
Weinberg theory is derived in the high-Q approximation and applied to study the solar-
neutrino anomaly. The result shows that neutrinos extending in energy from 1 to 10
MeV produced inside the sun escape it essentially without any loss of energy. In agree-
ment with previous investigators, Rustgi, Leung, Turner, and Brandt, it is found that the
neutrinos should retain the energy given them at their creation essentially forever and per-
meate the universe uniformly rather than cluster around galaxies.
In a recent paper by Rustgi et al. , ' a formula for
the stopping power of matter for massive neutrinos
interacting with electrons via the neutrino magnet-
ic moment had been derived. The result was then
applied to study the solar-neutrino anomaly and
the stellar stopping power. It was found that the
neutrinos produced in the sun lose insignificant
amounts of energy as they travel through the sun
and intergalactic space. ' This led Rustgi et al.
to conclude that the neutrinos should retain the en-
ergy given to them at their creation essentially for-
ever. Because of the somewhat hypothetical nature
of the interaction used in Ref. 1, the problem is
reexamined in this note with more realistic e-v, in-
teractions. The V —A (Ref. 5) and Weinberg in-
teractions are used.
The differential cross section for the neutrino-
electron scattering process in the context of both
the conventional V —A theory and Weinberg
theory, and following the convention of Reines,
Gurr, and Sobel, may be written in a unified
manner as
2 2do. G me 2
dQ 2tr (C,—C„)+(C,+C, )' 1—E
rtte Q
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where E„is the energy of the incident neutrino and
Q =E„E„'is the en—ergy transferred to the elec-
tron. The electron is treated as free and initially at
rest, which is appropriate for the high-Q approxi-
mation to be used below. The coupling constants
are given as
6 m,
~2 —4. 1)&10 cm /MeV,
Cv= —CA —1, for the V —A theory,
(2)
2
C~ ——, +2x, x =—=sin 81 e
1C = ——A
forWeinberg's theory.
Equation (1) gives the correct result in the limit of the conventional V —A theory.
Following Bethe and Fano and using Eq. ll), the stopping power for neutrinos in the high-Q limit is
found to be
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where NZ js the number of electrons per volume in the target, Q =2E„/(m,+2E„)is the maximum ener-
gy transferred to the electron, and q is comparable to the atomic ionization energy which is of the order eV.
Thus, for high-energy neutrinos (& 1 MeV) and high Q (- MeV), rt can be ignored in actual numerical
calculations.
According to (2), (3) can be divided into two cases: for the V —A theory,
dE
v~
2NZG m, (Q —r) ),
for %'einberg's theory,
NZG~m, —r)~ 2x m,(gx~+4x+ 1) — {1+2x)+4x 2
V
Taking the value of x to be 0.29+0.05 from Reines, Gurr, and Sobel, (5) becomes
NZG m, 2 2 0.581.4(O~ —q )— +1.16 {Q' —g')+ ', (Q —g") .E2
The corresponding results for antineutrino-electron scattering are obtained by replacing Cz by —Cz in Eq.
(1); the results are
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To apply the above to the case of solar neutrinos, the solar electron density is taken to be X=1.2& 10
cm, ' Z =1, and q is approximately given by the plasma energy of the solar electrons,
g-fi(4n.¹ /m )' —100 eV. With the value of G m, /2m in (2) and to a good approximation setting g =0,
Eqs. {4) and {6)—(8) become (for neutrinos)
=9.8y10 "Q', (9)
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and (for antineutrinos)
=4.9X10 " 2Q — Q +,Q'Ptl 3E Pkf E2 Pff
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Equations (9)—(12) are in units of MeV/cm.
Furthermore, if we assume that all these stopping
powers are constant all along the range of the neu-
trino, then the total loss of energy ( —diE) for a
neutrino created at the center and escaping at the
surface of the sun can be calculated just by rnulti-
plying the stopping power with the radius of the
sun -7&10' cm.
The numerical results of Eqs. (9) and (10) for
neutrinos are given in Table I. For comparison, it
may be mentioned that the energy loss of neutrinos
is somewhat larger than that of antineutrinos of the
same energy. %e also see that the %einberg
theory, in general, gives a smaller value for the en-
ergy loss than the conventional V —A theory.
These results will not be changed in any significant
way if the more recent value of sin 8~ =0.224
+0.020 is used. " In any case, the energy loss of v,
created inside the sun is completely insignificant
compared to their original energy, and hence, these
neutrinos will essentially escape into space with un-
diminished energy, a conclusion in agreement with
the previous investigators. "
%e wiH now study the cosmological implications
of our result. A comparison with Rustgi et al. , '
indicates that the energy lost by 1-MeV neutrinos
via weak interactions in transversing through the
sun which is a typical star, is -10 MeV, while
it was estimated to be -10 MeV for the massive
neutrinos. For 10-MeV neutrinos it is found to be
—10 MeV. A 10-MeV neutrino therefore must
strike —10 stars to acquire thermal energies(-10 MeV). This number will be 100 times
bigger for 1-MeV neutrinos. It has been estimated
in Ref. 1 that the average number of stars traversed
by a neutrino in traversing the known universe is
—10 ', far below the number (-10 —10 ) es-
timated here. The thermaHzation distance of the
stellar neutrinos must therefore be many orders of
magnitude —perhaps 16—18—greater than the ra-
dius of the known universe.
%e therefore conclude in agreement with Ref. 1
that the energy of the stellar neutrinos remains
essentially undiminished as they traverse through
the known universe. It may be mentioned that the
formation of the neutrino-bound system will not be
possible for these neutrinos, as has been claimed for
massive neutrinos by Sato and Takahara, ' since
the neutrinos that we consider are massless. They
should be distributed uniformly throughout the
space.
One of the authors (P. T. L.) is grateful to the
Research Foundation of the State University of
New York for partial financial support during the
course of this work.
TABLE I. Stopping power and energy loss for so)ar neutrinos.
(MeV)
Qm
(MeV)
Eq. {9)
(MeV/cm)
Eq. (10)
(MeV/cm)
( —~E)v~
(MeV)
( —hE)~
(MeV)
1
2
3
5
10
0.80
1.77
2.77
4.76
7.75
9.75
63' 10—20
30.7X 10-"
75.2 y 10-"
221.8 X 10-"
588.6x 10-"
931.6X10 "
3.6g 10
18.3X 10-"
45.6X 10-"
136.4x 10-"
365.1X10-"
579.0X 10-"
4.4y10-'
21.3g 10
52.2X10-'
155.2 y 10-'
408.4X10-'
646.4g 10-'
2.5~10-'
12.7x 10-'
31.7~ 10-'
95.5 X 10
255.6g 10-'
401.8 X 10-'
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